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A FUNCTIONING MUSCULOSKELETAL system is a vital component of successful, long-term human spaceflight missions. This is exemplified in the NASA Bioastronautics Roadmap (http:// bioastroroadmap.nasa.gov) (46), in which several key problems pertain to muscle, joints, and bone. A number of studies have examined the effects of microgravity on muscle, [for review, see (1, 21, 25, 47) ] and have shown that microgravity leads to a decline in maximal muscle force, muscle crosssectional area (CSA), and volume. Muscle power (2, 4, 28, 30, 58) and neuromuscular properties, such as the neuromuscular drive, deteriorate (26, 27, 34, 36, 48, 63) . Furthermore, changes in the connective tissues within the musculoskeletal system occur, leading, for example, to decreased tendon stiffness (39, 41, 51) . On a cellular level, microgravity leads to muscle fiber atrophy, suggested by muscle biopsy data and changes in myofiber architecture and cell protein expression (12, 17, 25, 29, 30, 47, 49, 66, 67) .
Apart from muscle force and size, the clinical importance of muscle power has become evident in recent studies in older adults. This data imply that muscle power correlates better with quality of life, activities of daily living, morbidity, and even mortality than muscle force or size (6, 16, 22, 33, 62) . Hence, it will be important not only to include the assessment of muscle power in routine muscle-function measurements but also to design training methods that are able to prevent both muscle force and power in the astronauts and deconditioned individuals. Bed rest studies in men (4) and women (68) have provided data suggesting that losses in muscle power are greater than losses in muscle force as a consequence of bed rest. If indeed muscle power is more affected by spaceflight and its ground-based analog models than muscle force, then this will have an impact on the development and selection of effective countermeasures.
Recently, vertical jump tests have been introduced in the experimental bed-rest setting as a promising measure of muscle power and neuromuscular function (28) . As expected, there is a significant decline in jump power as a result of bed rest, which can be mitigated by resistive exercise (58) . In addition to a marked loss in muscle power, we observed that muscle force not only declines during bed rest but also on the first day of reambulation after bed rest (12) . It is therefore important to gather information on the dynamics of functional rehabilitation of different muscle parameters following bed rest.
Accordingly, it has been attempted in the Long-Term Bed Rest study in Toulouse to monitor changes in vertical jumping performance immediately after bed rest (58) . However, due to technical difficulties, such data could be obtained only in a subset of volunteers. To ameliorate the dearth of information, we aimed in the current work to examine two different muscle functions, namely, maximal voluntary isometric plantar-flexion force (IPFF) and jump performance expressed in jump height and power before and after 56 days of simulated microgravity in a bed-rest setting. We were particularly interested in the immediate recovery phase of the first few days. We hypothesized that there would be a decline of these parameters in the first days before recovery of function started. Furthermore, we hypothesized that there would be a difference in the amount of function loss between muscle force and jump power. In addition, we also aimed to examine superficial electromyography (EMG) of the involved musculature to explore the neuromuscular system as a potential contributor.
The Berlin Bed Rest (BBR) study (54) was designed to test the efficacy of resistive vibration exercise (RVE) as a potential countermeasure against musculoskeletal deconditioning. This training combines resistive exercises of the upper and lower extremity with whole-body vibration (54) , which has previously shown promising results in increasing muscle performance in athletes and in the elderly (13, 14, 18, 19, 32, 53) . Moreover, vibration is thought to provide great strain rates, which seem to be specifically effective to induce an anabolic response in bone (43) . Accordingly, vibration exercise has been proposed as a convenient exercise modality for bone (50) . An additional rationale for the selection of vibration in the BBR study arises from the pronounced difficulty to maintain the calf musculature and in particular, the soleus muscle, during bed rest (4) . Under the assumption that vibration elicits monosynaptic reflexes (53, 56) , we argue that the musculature undergoes a large number of action potentials during a relatively short time (e.g., 25/s when the vibration frequency is set to 25 Hz) and that this electrical activation is likely to maintain slow-twitch fiber integrity (64) .
Within the published literature on musculoskeletal effects of bed rest, there is a relative paucity of information on the time course of these changes. However, any discrepancies in the time-course data for different subsystems may yield important information. Our hypothesis was that RVE would prevent loss of muscle force and power.
METHODS
The details of the methodology, including study design, RVE training, and participants, have been published elsewhere (54) and will only be summarized briefly here.
It is thought that the vibratory inputs stimulate additional muscle activity during contraction (60) , via the muscle spindle system (52, 57, 61) , to produce a greater force of muscle contraction (42) and hence, stimulus for muscle maintenance and/or hypertrophy. We therefore decided to compare muscle force, muscle power, and electric muscle activity in the lower extremity in a nonexercising control group with a training group that performed RVE during bed rest. Our hypothesis was that RVE would prevent loss of muscle force and power.
Study design. The BBR was a randomized, controlled trial, approved by the ethics committee of the Charité Universitätsmedizin Berlin. All subjects gave their written informed consent. Twenty young and healthy males were randomized to either a RVE group or a control group. Both groups underwent 56 days of strict, horizontal bed rest. The data collection pertinent to what we report here was done within the 3 days prior to initiation of bed rest [abbreviated as baseline data collection (BDC)], as well as the 7 days after the end of the bed rest period [abbreviated as recovery data collection (Rϩ)]. The main focus of this work is the comparison of the BDC values with the data collected immediately after the end of bed rest on the morning of reambulation (data point "Rϩ1m", taken between 7:30 AM and 11 AM). Additional measurements were obtained in the evening of Rϩ1 ("Rϩ1e", taken between 4:30 PM and 7 PM), on day 2 (Rϩ2), day 4 (Rϩ4), and day 7 (Rϩ7) of recovery. In between the Rϩ1m and the Rϩ1e testing sessions, subjects walked for ϳ45 min at a very gentle pace in the park of the hospital under surveillance of the investigators, and no other muscular testing was carried out.
Participants. After thorough medical and psychological screening, 20 males, aged 20 -45, without known musculoskeletal, hematologic, or mental diseases, were included after they signed informed consent.
Training. Individuals in the RVE group trained twice daily (morning and afternoon) except for Wednesday afternoon and on Sundays. Thus 11 exercise sessions were performed/wk. A purpose-built device that applies side-alternating vibration as well as an elastic spring system to create static resistance (Galileo Space, Novotec Medical, Pforzheim, Germany) was used. Participants performed four different types of exercise.
1) Squatting exercise: The knees were moved from 90°to full extension in cycles under vibration exposure.
2) Heel raises: Under vibration exposure, the heels were elevated off the platform into ankle plantar flexion as long as the participants could sustain this (up to 40 s). The knees were kept in almost complete extension during this exercise. This was done with the idea to strengthen the plantar flexors.
3) Toe raises: Under vibration exposure, the forefeet were elevated off the platform into ankle dorsiflexion (up to 40 s). The knees were kept in complete extension during this exercise. This exercise was done to target the foot dorsiflexors so that forceful agonistantagonist cocontractions could be performed in the following exercise (see point 4). 4) Ten kicks: Under vibration exposure, 10 explosive pushes with 10-s pauses of rest in between each were performed against the platform.
Morning sessions consisted of exercises 1-4 and afternoon sessions of exercises 1-3. During exercises 1 and 2, high resistive loads (ϳ1.0 -1.8ϫ body wt) were applied to the legs and trunk via the elastic string system that was attached to the participants through shoulder straps. The loads were aimed to be 75-85% of the individual's one-repetition maximum. In the afternoon session, loads of ϳ60 -80% of that used in the morning session were applied. No resistive load was used during exercises 3 and 4. Training intensity was progressed by increasing the vibration frequency when participants were able to perform the exercises for longer than 100 s. Trained staff supervised all training sessions. The main hypothesis of the BBR study focused on the maintenance of bone mineral content in the distal tibia (55) . Bearing in mind that muscle strength seems to be an important prerequisite for the maintenance of bone, the training regimen therefore attempted 1) to maintain muscle strength and 2) to elicit large muscle forces, e.g., by agonist-antagonist cocontractions. Thus although the exercises performed also targeted the major muscle groups affected in bed rest (e.g., plantar flexors and knee extensors), added exercises (e.g., explosive squats and toes raises) were performed that aimed to provide additional stimulus for bone formation.
Isometric plantar flexion. Maximal voluntary IPFF of the left leg was measured with a purpose-built dynamometer (see Fig. 1 ). It was designed for rapid use to enable repeated testing during the recovery phase, and it consisted of an adjustable frame to provide resistance to the thigh and a ground reaction-force platform (Leonardo, Novotec Medical). Participants performed three maximal IPFF contractions. Each contraction was to be maintained for 1 s. The volunteers had as much time as they needed to completely recover between each effort. As the next step, we selected the contraction with the greatest force for analysis.
We then calculated 25%, 50%, and 75% force values using the maximal contractions as 100%. Following this, the volunteers performed plantar flexions at these force levels. They were instructed to get as close as possible to the predetermined force value and then keep this level for 2 s.
The position of the foot on the force platform and seat height and the force to secure the knee in the dynamometer were recorded and used on the following measurements.
EMG. Superficial EMG of the calf muscles was recorded during IPFF. Bipolar electrodes (Dahlhausen, Cologne, Germany) were placed 3 cm apart from each other on the muscle belly of the medial and lateral gastrocnemius, as well as the soleus muscle, after shaving and skin abrasion. To ensure appropriate positioning of the electrodes, the distance from the middle of the electrode to the calcaneal insertion of the Achilles tendon was measured on the initial visit and used in subsequent tests. Ground electrodes were placed along the iliac crest. EMG signals were recorded with PowerLab and Chart software version 4.2 (both AD Instruments, Sydney, Australia) at a sampling rate of 2000 Hz with a 16-bit analog-to-digital converter. A band-pass filter (10 -500 Hz) was applied to the signal. The root mean square (RMS) value of the EMG amplitude was used for analysis. RMS values of the maximal plantar flexion were calculated from a 1-s time window, in which the participant was asked to keep the maximal force as constant as possible. For the submaximal 25%, 50%, and 75% contractions, a time window of 2 s was used. If the force varied more than 100 N, the recording was marked as failed, and the participant repeated the contraction. Of interest were the RMS values of the maximal plantar flexion as well as the EMG-RMS-force relationship. We combined the RMS values of the individual muscles (soleus as well as lateral and medial gastrocnemius) by averaging the three values. The IPFF contraction with the highest amount of force of the BDC measurement served as the 100% force and EMG-RMS value. Next, percent values were calculated for submaximal (25%, 50%, 75%) contractions in relation to the 100% RMS and force values. To examine changes in the EMG-force relationship, we chose the % RMS-% force gradient. This was obtained by first taking the mean of the three contractions % RMS and % force values at each intensity level and then dividing the % RMS by % force. Lastly, the mean gradient for each participant was calculated from the four different intensities (25%, 50%, 75%, 100%) for each day before and after bed rest.
Jump mechanography. Jump mechanography has been described elsewhere (58, 59) . In brief, it is performed on a ground reaction-force platform (Novotec Medical). The platform is divided into two separate plates. Ground-reaction data were analyzed as described in prior work (58) , with self-built software (platon version 1.0.0.1, J. Rittweger).
In brief, force, velocity, peak power, and height are calculated using an established model (15, 23) . After force is measured during quiet stance, body mass is calculated by dividing weight force by acceleration of gravity. Weight force then is used to calculate further parameters. Power-the product of force and velocity-is calculated with the measured force and the integration of acceleration over time. Integrating velocity over time results in displacement of the center of gravity or jump height. From this, we extracted the peak jump power during the push phase (commencement of countermovement to takeoff), specific to body wt (P peak; in W/kg), the mean jump power, specific to body wt (Pmean; in W/kg), and maximal jump height (Hjump; in cm) for further analysis.
Statistical analysis. Group and time differences were tested with repeated measures ANOVA from BDC to Rϩ2. We chose these days, because we observed that both groups started to recover their muscle function by Rϩ4. We performed an a priori analysis of differences between BDC and Rϩ1m in addition to the repeated measure ANOVA. This was done using Student's t-test. Missing values were excluded from the analysis. The relation of % EMG and % force was graphically analyzed using linear regression. R 2 values were used to express the degree of variability. Spearman's correlation coefficient was also calculated for the jump mechanography parameters at baseline (BDC; between absolute values) and also for the change between BDC and Rϩ1m (partial correlation coefficient controlling for study date). Statistical analysis was done using Microsoft Excel (Redmond, WA), SPSS (Chicago, IL; version 13), and JMP (SAS Institute, Cary NC; version 8). We used an ␣ level of 0.05 for statistical significance of findings.
RESULTS
Participants. Age and anthropometric data are presented in Table 1 . The two groups did not differ in any of these parameters. All 20 volunteers finished the bed-rest phase and attended all follow-up appointments reported in this work. In total, 113 out of 120 jump experiments were performed as scheduled. However, because of either hardware or software failure, jump parameters were not obtained from one RVE participant on Rϩ2, one control participant on Rϩ4, and two RVE, as well as three control participants, on Rϩ7.
IPFF. At baseline, maximal force values did not differ between groups (P ϭ 0.825). We found a significant difference in the group and time analysis using repeated measures ANOVA (P ϭ 0.0032). Following bed rest, IPFF was reduced by 17.1% in the control group at Rϩ1m from 1,136 N (SD 193 N) at baseline to 943 N (SD 222 N; P ϭ 0.002). No such change was observed in the RVE group (BDC: 1,118 N, SD 181 N; Rϩ1m: 1,138 N, SD 160 N; P ϭ 0.73). IPFF declined in both groups following Rϩ1m. For the control group, such postreambulation decline was observed between Rϩ1m and Rϩ1e only, and for the RVE group, there was also a significant decline on Rϩ2. Both groups started to regain IPFF by Rϩ4 (Fig. 2) .
EMG and neuromuscular drive. We found a strong linear relationship of % force and % RMS in both groups on BDC and Rϩ1m, as shown in Fig. 3 . The figure also displays the Displayed are the mean values Ϯ SD. There were no significant differences (P Ͼ 0.1) between the two groups in any of the parameters. Reported are mean values Ϯ SD. BMI, body mass index; CTRL, control group; RVE, resistance vibrations exercise. change in the % RMS to % force relationship before and after bed rest. We examined the slopes of the RMS-force relationship in both groups in an attempt to evaluate alterations in neuromuscular drive. The repeated measure ANOVA analysis did not yield a significant difference in the % RMS/% force Ϫ gradient between the two groups over time (P ϭ 0.117). The control group had a numerical increase of the slope after bed rest that trended toward significance [P ϭ 0.051; from 0.863 (SD 0.143) on BDC to 1.037 (SD 0.257) on Rϩ1m, 20% difference]. The slope was unchanged in the RVE group [P ϭ 0.615; from 0.858 (SD 0.196) to 0.901 (SD 0.315), a 5% difference]. Further testing using log-likelihood ratio tests showed that the intersubject variability of the % RMS/% force Ϫ gradient was 2.47ϫ higher after bed rest (on Rϩ1m) than prior to bed rest (P ϭ 0.0021) but that the training did not have a significant (P ϭ 0.25) impact on this variability increase.
There was no significant change in the EMG amplitude during maximal plantar flexion in either group [control group: 0.414 mV (SD 0.155) on BDC to 0.364 mV (SD 0.098) on Rϩ1m, P ϭ 0.157; RVE group: 0.426 mV (SD 0.193) to 0.449 mV (SD 0.0813), P ϭ 0.697; data not shown].
Jump mechanography. Repeated measures ANOVA analyses showed significant differences between the two groups in the assessed time interval in both P peak (P ϭ 0.007) and H jump (P ϭ 0.039). Interestingly, both groups had a significant loss in jump power and height after the bed-rest period, but the control group had a larger decline. On Rϩ1m, P peak decreased in the control group by 24 ; P Ͻ 0.0001] in this time period. Changes in P peak over time in both groups are depicted in Fig. 4 . The magnitude of H jump loss was similar to that of P peak (Fig. 5 ). The decrease of H jump in the control group was 28.5% [from 37.37 cm (SD 5.4) to 27.11 cm (SD 9.3); P ϭ 0.0006]. In the training group, the decrease was 14.2% [from 38.72 cm (SD 5) to 33.17 cm (SD 4.37); P Ͻ 0.0001]. The results of P mean were similar to those of P peak and H jump (12.3% loss in RVE, P ϭ 0.0079; 33.1% in control, P Ͻ 0.0001; repeated measures ANOVA, P ϭ 0.003; data not shown). There was a moderate correlation between P mean and P peak at BDC (P ϭ 0.005) and strong correlation (P Ͻ 0.00001) in the change between these parameters immediately after bed rest compared with baseline ( Table 2) .
In contrast to the IPPF results, P peak and H jump changed only minimally on Rϩ1e and Rϩ2 in the control and RVE group. Improvements in P peak and H jump were seen on Rϩ4 in the controls but not in the RVE group.
When comparing the relative changes in IPFF with those of the countermovement jump experiments, the loss of P peak and H jump appeared larger than the IPFF in both groups. Statistically, however, only the differences in the RVE group were significant (IPFF vs. P peak : P ϭ 0.014; IPFF vs. H jump : P ϭ 0.0044) but not in the control group (IPFF vs. P peak : P ϭ 0.135; IPFF vs. H jump : P ϭ 0.178).
DISCUSSION
The main findings of the current study were a significant decline in plantar-flexor muscle force and P peak in the control group, with the loss in jump parameters nonsignificantly greater in magnitude than the decrease in IPFF (24% vs. 17%). The EMG-force gradient in these individuals showed an in- To examine changes in neuromuscular drive before and after bed rest in the 2 groups, electromyography activity (expressed in % RMS values) and force were plotted against each other. There was a linear relationship of RMS of the calf muscles and plantar-flexion force in both groups before and after bed rest. R 2 values for the control group were 0.95 on BDC and 0.83 on Rϩ1m. The RVE group had values of 0.91 for BDC and 0.67 for Rϩ1m (all P Ͻ 0.001). In the control group, participants had higher % RMS values on Rϩ1m for the same amount of % force compared with BDC. In the RVE group, the regression line was also shifted in this direction but not as pronounced. This suggests a loss in neuromuscular drive in both groups that is larger in the control group. crease of 20%, which trended toward significance. RVE preserved plantar-flexor muscle force, at least in the first moments after reambulation and the EMG-force relationship but only partially ameliorated the decline in muscle power to 12%. RVE did not safeguard against the pronounced decline in plantarflexor muscle force that occurred between Rϩ1m and the Rϩ1e, Rϩ2 testing sessions. Interestingly, also, after Rϩ1m, the marked decline in plantar-flexor muscle force was not associated with reductions in jump height or power.
To our knowledge, this study is the first study to measure jump power, height, and IPFF immediately after the end of bed rest and then again later on the same day. In the morning of Rϩ1, the participants were familiarized to orthostasis on a tilt table. This was done to ascertain stability of the cardiovascular system. Only after this were subjects asked to ambulate from the tilt table to the force plate of the countermovement jumps. Once the preparation for our experiments were finished, the volunteers first performed the countermovement jumps and then the isometric plantar-flexion contractions. All of this was done within the first hour of getting out of bed. The second session was done in the late afternoon or early evening after the participants had been walked for 45 min at a very gentle pace, but no other muscular testing was carried out. Our results indicate that there was a significant loss of isometric muscle force within 1 day. This not only happened in the control group but also in the training group. Possible explanations for this include muscle fatigue, development of pain, and loss of motivation. Other examinations in the same subjects (54) reported that participants of this study frequently complained of pain, especially in the lower extremity during the recovery phase, indicating that pain likely is a contributing factor. The development of muscle-fiber damage as part of reambulation (and testing) likely occurred after bed rest in association with the muscular pain reported by the subjects. This further "damage" to the musculature was potentially involved in the further deterioration of IPFF. Further evidence for muscle injury was provided by the marked increases in creatinine kinase levels in these subjects after reambulation (7) . We did not have measures to assess motivation or muscle fatigue. We feel that this is a very important finding, as it emphasizes the importance of timing muscle-function tests during the recovery from bed rest and offers an additional and new explanation as to why results from muscle-function tests differ across studies. This study provides evidence that it is important to place the exams deemed most important by investigators early on the day of recovery, as the results are prone to be influenced by different factors if they are done later.
We have previously reported the changes in the absolute maximal values of the IPFF from BDC to Rϩ1m and Rϩ1e elsewhere (12) . The current findings extend this work in examining maximal and submaximal values and their relation to the EMG activity of the calf muscles. As expected, the absolute and averaged maximal values are similar and result in the same amount of changes in the two groups. The loss of 17% in maximally voluntary plantar-flexion force is similar to other publications. Loss of force or torque has been reported to Fig. 4 . Relative changes in peak jump power (Ppeak) in both groups from BDC to Rϩ7. Immediately after bed rest (Rϩ1m) Ppeak decreased in both groups but to a larger extent in the control group. There were only small changes in the next 2 measurements (R1ϩe and Rϩ2). The recovery of Ppeak only occurred in the control group but not the RVE group in the week after bed rest. The repeated measures analysis showed a significant difference between the groups (P ϭ 0.007). Changes within each group compared with baseline are represented by *P Ͻ 0.05; †P Ͻ 0.01; and ‡P Ͻ 0.001. Error bars represent SD. Study day Ϫ1 represents BDC. Days 1 and 1.5 represent measurements in the Rϩ1m and Rϩ1e, respectively. Accordingly, study days 2, 4, and 7 represent Rϩ2, Rϩ4, and Rϩ7, respectively. Top right (light-shaded) triangle: Spearman's correlation between absolute values at baseline data collection (BDC).
Bottom left (dark-shaded) triangle: Spearmans's partial correlations (controlling for study date) for percentage change in each parameter on recovery data collection immediately after the end of bed rest on the morning of reambulation compared with BDC. With the exception of the correlation at BDC between maximal jump height (Hjump) and mean jump power (Pmean), all correlations were significant (P Յ 0.005). Ppeak, peak jump power. range from 10% to 55%, depending on the length of the study and the methodology used (4, 10, 35, 36, 48, 63) . We did not find any changes in the EMG-RMS values during maximal plantar-flexion contractions in the control group when we compared BDC with Rϩ1m. In the same time period, there was an increase in the % RMS/% force ratio of 20% with a trend toward significance in the control group, however. We used this ratio as a parameter for the neuromuscular drive. The observed increase suggested higher RMS values for the same amount of force, a decrease in neuromuscular drive. Results of other studies vary in their findings. In examining the same subjects, another research group did not find a decrease in EMG amplitude or maximal activation in the quadriceps musculature in the same study population (44, 45) . Others have reported a loss of maximal EMG amplitude and neuromuscular drive (4, 26, 34, 36 -38, 63) . P peak and H jump decreased significantly in the control group. The observed declines of 28.5% and 24.1%, respectively, are similar to those seen in other bed-rest studies showing an ϳ25% decrease (28, 58) . Although this work focused on muscle function, muscle size was also assessed in the BBR study. Data on changes of muscle volume of the different muscle groups of the lower extremity in the same study population have recently been published (8) . They observed an 18.3% decrease in the calf muscles, 14.4% decrease in the quadriceps muscles, and 11.3% decrease in the hamstrings. The 18% loss in the calf muscles is similar to the 17% loss of plantar-flexion force but less than the 28.5% and 24.1% decrease in P peak and H jump . Although there is no doubt that muscle atrophy plays an important role in loss of jump power, it is possible that other factors also play a role. Changes in neuromuscular drive, although only shown with a trend to significance in the IPFF measurements, might be one of these factors. Moreover, the ability of muscle to store elastic energy, which is known to be essential for jumping performance (40), could potentially have been affected by bed rest. Data from astronauts suggest that maximal explosive maneuvers are greatly impaired after their return to Earth (5), and it therefore seems important to study whether there is deconditioning of elastic energy storage (in passive elements, such as connective tissue, and in active motor control of eccentric muscle loading) in future studies.
We found that the RVE training protocol was able to preserve IPFF, at least until immediately after reambulation. Other training modalities have shown similar results or at least were able to reduce the loss of force (2) (3) (4) 63) . This makes the method equally effective in terms of preserving muscle force. The EMG-RMS values and the % RMS-% force ratio did not change in the RVE group, similar to the maximal isometric plantar flexions. The intervention arms of previously cited studies have also shown that there are not significant changes in EMG amplitude or neuromuscular drive when the training was effectively preventing loss of muscle force (4, 63) .
Although the loss of jump power and height was smaller than in the control group, the RVE was not able to maintain this muscle function completely. There also was a decrease in muscle CSA in this group. In these exercise subjects, a 6.6% decline in the volume of the calf muscles, a 3.3% decline in the quadriceps, and a 10.9% decline in the hamstrings were observed (9) . The amount of muscle power loss during countermovement jumps was similar to results from a flywheel exer-cise group of a 90-day bed-rest study (58) . In the same study, the population of calf muscle CSA decreased by 15%, whereas thigh muscle CSA did not change (4) .
Lastly, our observation that the magnitude in changes of P peak and P mean was similar and that there were significant correlations of the two parameters, along with H jump , suggests that although measuring somewhat different qualities of neuromuscular function, they all were quite uniformly affected by bed rest.
Summarizing the above, it appears that muscle mass, muscle force, and muscle power all decline in different degrees during bed rest and that countermeasures vary in their ability to prevent these losses. The incomplete maintenance of IPFF in the RVE group, despite maintenance of jump power and also the diverging time course of recovery of IPFF (further deterioration before recovery) and jump power (maintenance and then recovery), requires further attention. These observations clearly show that muscle force during a static contraction and jumping performance assesses two distinct qualities. Apparently, the factors that led to deterioration of muscle force within the observation interval did not seem to grossly affect jumping performance. Conversely, the improvements in plantar-flexion force that occurred between days Rϩ2 and Rϩ7 in the RVE group (Fig. 2) did not translate into a noticeable improvement of jumping performance (Fig. 4) . This and the fact that a musculature, which was seemingly well preserved during 56 days of bed rest by RVE, deteriorated very considerably within 8 -10 h after reambulation, probably triggered by a 45-min walk at gentle pace, demonstrate that there is a muscle "quality", which so far, has escaped our attention. There are, no doubt, a number of differences between isometric plantar flexion and jump maneuvers, which could play a role in the differential changes that we observed after bed rest. In terms of motor control, maintenance of muscle activity during isometric muscle contractions is in part dependent on feedback from afferent motoneurons (31), whereas jumping maneuvers involve ballistic/explosive muscle contraction, during which there is no time for modulation of muscle activity by sensory feedback signals (24) . Also, energy-storing capacity, i.e., the muscle's ability to act as a spring, but also energy-dissipating capacity, i.e., the ability of the muscle to act as a break (20) , and changes in tendon compliance (39, 41, 51) , as well as a number of other mechanisms, including changes in the forcevelocity curves, could well play a role.
In comparison with studying the effect of bed rest, comparatively little work has examined the time course of recovery of neuromuscular function after prolonged bed rest. The parameters measured in the current study only recovered partially in the first week after bed rest. Measurements on jump power and height after bed rest (58) and explosive maneuvers after spaceflight (5) suggest that the recovery of these parameters would take a number of weeks to months, depending on parameter and length of bed rest or space travel. Although we could not identify work on the recovery of plantar-flexion isometric force after bed rest, the recovery of maximal knee-extension force after limb suspension appears to occur within 1 wk (11) . The time course of recovery will, no doubt, depend on the extent of loss, and data from patients immobilized for 7 wk after ankle fracture showed recovery of isometric plantar extension force between 5 and 10 wk of rehabilitation (65) . More precise evaluation of the time course of recovery of such neuromuscular parameters would be of interest in future work.
Finally, it needs to be emphasized that the importance of muscle power also has become evident in recent studies in older adults, who showed muscle power to better correlate with quality of life, activities of daily living, morbidity, and even mortality than with muscle force (6, 16, 22, 33, 62) . This suggests that it will be important not only to include the assessment of muscle power in routine muscle-function measurements but also to design training methods that are able to prevent both muscle force and power.
Although this study brings new data into the field, it also has limitations. As in almost all studies in real or simulated microgravity, the sample size in this study is also small, which may have prevented some effects from reaching statistical significance. Also, extrapolation to wider populations should be made with caution for the same reason, but this may also be a factor in explaining why studies in bed rest have found such a variation in changes of plantar-flexion force (4, 10, 35, 36, 48, 63) . It is also important to note that further study should examine the effect of vibration alone or resistive exercise alone on the parameters measured here. Due to cost limitations in bed-rest studies, the BBR study aimed first to evaluate the effectiveness of the countermeasure program as a whole, with further studies to be planned if the countermeasure proves effective. Also, future work could consider whether additional benefits might be gained by other forms of exercise (such as explosive plantar flexion vs. high load-resistive exercise) on preventing loss in plantar-flexor isometric force. Finally, it is evident that a longer follow-up would be required to study the completeness of recovery.
In conclusion, we found that muscle force declines within the first day of recovery from bed rest. Furthermore, we reported a larger loss of jump power than of isometric muscle force in both the control and training group. This study's findings are similar to other studies in regard to loss of IPFF. With this decline, we also found a change in neuromuscular drive. RVE was able to preserve IPFF but only attenuates the loss of jump power and height. Remarkably, jump power and height were maintained in continued tests after initial postbedrest measurements, despite continued deterioration in IPFF. Future studies should routinely include tests not only for muscle force but also power and find countermeasures that prevent the loss both muscle functions.
